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(57) ABSTRACT

Based on previous evidence suggesting positive elfects of
fever on 1n vivo hematopoiesis, the etiect of hyperthermia on
the expansion and differentiation of megakaryocytes (MKs)
in ex vivo cultures of CB CD34-enriched cells has now been
tested. Cells were cultured at 37° C. or 39° C. for 14 days 1n
cytokine conditions optimized for MK development, and ana-
lyzed periodically by microscopy, tflow cytometry and colony
assays. Compared to 37° C., cultures maintained at 39° C.
produced much more total cells (5x), MK progenitors (9x)
and total MKs (7x), and showed accelerated (3-4 days) and
enhanced MK maturation with increased yields of proplate-
lets and platelets (11.7x). The increased number of CD34+
cells and myeloid progenitors 1 the 39° C. cultures also
suggested a general stimulatory effect of hyperthermia on the
expansion of more primitive stem/progenitor cells and of
cells of other linecages.

6 Claims, 8 Drawing Sheets
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METHOD OF EXPANDING AND
DIFFERENTIATING CORD BLOOD CELLS
BY HYPERTHERMIC INCUBATION

This Nonprovisional application claims priority under 35 §

U.S.C. 119(e) on U.S. Provisional Application No. 60/564,
581 filed on Apr. 23, 2004, the entire contents of which are

hereby incorporated by reference.

TECHNICAL FIELD

The present invention relates to a new method of expanding,
cord blood cells such as megakaryocytes.

BACKGROUND OF THE INVENTION

The 1dentification of thrombopoietin (TPO) has allowed
the generation of megakaryocytes (MK) and platelets 1n ex
vivo cultures. TPO and various cytokines have been shown to
act 1n synergism for optimal MK viability and yield (Sigur-
jonsson OF, et al., J Hematother Stem Cell Res. 11:389-400,
2002; Williams I L, et al., Blood 91:4118-4126, 1998; SuR 1,
ctal., Bone Marrow Transplant 277:1075-1080, 2001; and Kie
I H, et al., Stem Cells 20:73-79, 2002). It has recently been
reported that early and late variations of cytokine concentra-
tions could promote the 1n vitro TPO-dependent generation of
MK from cord blood (CB) CD34-enriched cells (Proulx C, et
al., J Hematother Stem Cell Res. 12:179-188, 2003). It 1s
expected that other biochemical and/or biophysical factors
could further enhance MK vyield. Whole body hyperthermia
in combination with chemo- or radiotherapy has beenused for
several years in the treatment of cancers. Animal and clinical
data showed that transient body hyperthermia had several
beneficial effects including more efficient bone marrow
engraitment and protection against therapy-induced thromb-
ocytopenia (Robins H I, et al. Cancer Res. 48:6587-63592,
1988; Robins H 1, et al., J Clin Oncol. 11:1787-1794, 1993;
Woods J P, etal., Can J Vet Res. 60:75-78, 1996; Robins H 1,
et al., J Clin Oncol. 15:158-164, 1997; Katschinski D M, et
al., Cancer Lett. 115:195-199, 1997; and Katschinski D M, et
al., Cytokine Growth Factor Rev. 10:93-97, 1999). These
cifects have been associated with rapid (60 minutes)
increases of several cytokines 1n the plasma and bone marrow
of hyperthermia-treated patients (Robins H I, et al., Cancer
Lett. 97:195-201, 1995). Although these eytekmes eeuld have
stimulatory effects one cannot rule out a direct possible effect
of hyperthermia on stem/progenitor cells.

It would be highly desirable to be provided with a new
method for culturing MKs allowing to obtain better yield of
cells than existing methods, thus further allowing a better
platelet production than existing culture methods.

SUMMARY OF THE INVENTION

One aim of the present mmvention i1s to provide a new
method for culturing MKs allowing to obtain better yield of
cells than existing methods, thus further allowing a better
platelet production than existing culture methods. To achieve
this aim, the inventors sought to determine the effect of
clevated temperature by comparing the yields of MKs and
platelets obtained 1n cultures maintained above 37° C. (such
as at 39° C.) versus 37° C.

In accordance with the present invention there 1s provided
a new method for culturing megakaryocytes, cord blood cells
or CD34-enriched cells.

In accordance with the present invention, there 1s provided
a method for culturing cord blood cells, comprising the step
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ol incubating said cord blood cells 1n a suitable medium,
under suitable conditions and for a time suilicient for multi-
plication of cells at a temperature between 37° C. and 41° C.,
and preferably at a temperature o1 38° C. to 40° C., and more
preferably at a temperature of 39° C.

In the present application, the term “‘suitable medium” 1s
meant to include any culture medium that would permait cul-
turing cord blood cells. Such media are well known 1n the art
and many are commercially available.

In the present application, the term “suitable conditions™ 1s
meant to include every conditions but temperature required to
expand cord blood cells, the temperature being a distinct
condition. Accordingly, suitable conditions include {for
example, without limitations, conditions of humidity, CO,
content and O, content 1n the gaseous environment contacting
the medium of culture.

In the present application, the terms “culture” and *““cultur-
ing” are interchangeably used with or for “expand” and
“expansion”’, respectively. In the context of the present appli-
cation, culturing cord blood cells and expanding same 1s
meant to mean the same thing.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates the eftfect of heat treatment of CB CID34-

enriched cells on the total nucleated cell (TNC) expansion
factor 1n ex vivo cultures:

FIG. 2 illustrates the effect of heat treatment of CB CD34-
enriched cells on the percentage of total MK s per culture after
expansion 1n €x vivo cultures;

FI1G. 3 illustrates the effect of heat treatment from 37° C. to
41° C. on CB CD?34-enriched cells 1n ex vivo cultures;

FI1G. 4 illustrates the effect of heat treatment of CB CD34-
enriched cells on the percentage of mature cells 1n the total
MK population of expanded cells 1n ex vivo cultures;

FIGS. SA and 3B are photomicrographs of Heffmann
modulation contrast images of day-7 expanded cells at 37° C.

(FIG. 5A) and 39° C. (FIG. 5B), illustrating the effect of heat
treatment on CB CD34-enriched cells 1n ex vivo cultures;
FIG. 6 1llustrates the effect of heat treatment of CB CD34-

enriched cells on the number of platelets per seeded cell after
expansion in e€x vivo cultures; and

FIG. 7 illustrates the effect of heat treatment of CB CID34-

enriched cells on intracellular expression of the inducible
Hsp70 after expansion in €x vivo cultures.

DETAILED DESCRIPTION OF THE
EMBODIMENT

PR.

(L]
By

ERRED

In accordance with the present invention, there 1s provided
a new method of culturing megakaryocyes under standard
conditions but for the temperature at which the culture 1s
maintained or made. The temperature 1n accordance with the
present invention 1s preferably set to 39° C. instead of 37° C.
as 1s currently being done 1n the art. However, 1t 1s clear from
the data and figures reported herein that a temperature above
3’7° C. and below 41° C. 1s beneficial to the culture. Accord-
ingly, 1t1s intended to cover a temperature range varying from
(but excluding)37° C. to less than41° C., and preferably from
38° C. to 40° C. Although one skilled person in the art will
appreciate that a temperature of 41° C. 1s not useful 1n accor-
dance with the present invention, the skilled person will be apt
without difficulty and undue experiments to determine a tem-
perature below 41° C. at which culture can still be made (with
the same benelit) as 1 the present invention. It 1s thus not the
intention to seek protection at a temperature covered by the
prior art (37° C.), nor at a temperature at which cells cannot be
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cultured. It was surprisingly discovered that a temperature
above the normal condition of culture, 1.e. above 37° C., was
beneficial to the culture, allowing to obtain a better yield of
cells (larger expansion).

The mventors have recently reported that preferential MK
expansion could be achieved by culturing CB CD34-enriched
cells 1n medium containing TPO and interleukin-6 and low
amounts ol stem-cell-factor and Flt3-ligand to promote
expansion and differentiation of MK -committed cells (Proulx
C, etal., J Hematother Stem Cell Res. 12:179-188, 2003, the
entire content of which 1s hereby incorporated by reference).
These culture conditions were thus used to determine the
elfect of temperature (from 37° C. to 41° C., and more par-
ticularly between 39° C. versus 37° C.) 1n culture. In experi-
ments, 1t was observed that the continuous culture at 38° C.,
39° C. or40° C. did not result 1n reduced viability of the cells.
Comparative experiments each starting from the same popu-
lation of CD34-enriched cells, showed a significant increase
in the expansion of total nucleated cells (TNC) 1n cultures
maintained at 39° C. compared to 37° C. (FIG. 1): 2.7-, 3.5-
and 4.9-fold at days 7, 10, and 14, respectively (p=0.01). In
FIG. 1, total nucleated cell (TNC) counts were determined by
Trypan blue exclusion and expressed as the number of
expanded TNC per day-0 seeded cell. Flow cytometry analy-
s1s of expanded cells for MK markers further showed a sig-
nificant increase 1n proportions of CD41a+ MK cells 1n cul-
tures expanded at 39° C. (FIG. 2, 2-to 2.5-1old versus cultures
at 37° C.), thus indicating the generation of seven times (7x)
more total MKs per seeded cell at 39° C. (168.6 £28 versus
24 .8 4 total MKs at39° C. versus 37° C.). In FIG. 2, total MK
frequency was determined by flow cytometry as the percent-
age ol TNC expressing the CD41a surface marker.

To determine the optimal temperature above 37° C., cul-
tures were also done at 38° C., 40° C. and 41° C. 1n addition
to 39° C. The results (FIG. 3) showed that the maximal
stimulatory effect of the temperature on the expansion of total
cells and megakaryocytes was obtained at 39° C. Stimulatory
elfects were also observed at 38° C. and 40° C. but were less
important than the one at 39° C. No viable cells were observed
in cultures maintained at 41° C.

Moreover, MK maturation as determined by the expression
of the late CD42b marker by flow cytometry and the presence
of MK-displaying proplatelets by microscopy, was observed
carlier (by 3 to 4 days) and 1n higher proportions 1 39° C.
cultures (FIG. 4, 3- and 1.6-fold more total CD41a+ MKs
expressed CD42b at days 7 and 10; FIGS. 5A and 3B, pro-
platelets observed at day 7 1n cultures at 39° C., (FIG. 5B)
versus none at 37° C., (FIG. SA)). In FIG. 4, mature MK
frequency was determined by flow cytometry as the percent-
age of total CD41a™ MKs expressing the CD42b surface
marker. In FIG. 5B, arrowheads indicate proplatelet exten-
sions. In FIGS. 5A and 5B, original magnification x400. As
expected from the increased MK maturation, platelet produc-
tion 1n day-14 cultures at 39° C. was 11.7-fold higher com-
pared to 37° C. (FIG. 6). In FIG. 6, absolute numbers of
platelets at day 14 were determined by flow cytometry as
CD41a™ events with the same scatter properties as blood
platelets.

A well-known effect of hyperthermia on mammalian cells
1s the induction of expression of genes coding for heat shock
proteins. Given the important role of the highly heat-induc-

ible Hsp70 1n cell protection, growth, development and activ-
ity (Barnes J A, et al., Cell Stress Chaperones. 6:316-325,

2001; Milarski K L, et al., Proc Natl Acad Sci USA. 83:9517-
0521, 1986; de Benedett1 A, Baglion1 C. J Biol. Chem. 261:
15800-15804, 1986; Ferris D K, et al., Proc Natl Acad Sci
USA. 85:3850-3854, 1988; Zaker1 Z F, Wolgemuth D J. Mo/
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Cell Biol. 7:1791-1796, 1987; and Menoret A, et al., Int J
Hyperthermia 18:490-505, 2002), 1ts expression 1n specific
cells at different times (FIG. 7) was mvestigated. Day-7
and -10 CD41a+ MKs cultured at 39° C. had respectively a 8-
and 2-fold higher Hsp/70 content compared to MKs main-
tamned at 37° C. In FIG. 7, mtracellular expression of the
inducible Hsp70 was analyzed by flow cytometry in day-4
CD347 cells or day-7, -10 and -14 total CD41a™ MKs. Simi-
larly, CD34+ cells expanded for 4 days at 39° C. contained
significantly more Hsp70 protein than those at 37° C. 1ndi-
cating a stimulatory effect of 39° C. culture on the expansion
ol more primitive stem/progenitor cells as well. This 1s sup-
ported by the observation that the early 39° C. culture of the
CD34-enriched cells was required to maximize the MK yield
in the late phase. This possibility was tested using colony
assays to determine the clonogenic potential of MK and total
myeloid progenitors under these conditions. Nine times (9x)

more CFC-MK were obtained in cultures maintained at 39°
C. for 14 days compared to cultures at 37° C. (Table 1).

TABL.

L1l

1

Expansion of MK and total mveloid progenitors

Expansion of CFCs* vs. day O
(% of total expanded cells)

Day 7 Day 10 Day 14
CFC-MKY
37° C. 11.2 (3.4%) 21.4 (2.7%) 5.7 (0.4%)
39° C. 14.3 (1.6%) 82.6 (2.0%) 48.9 (0.7%)
CFC-TOT}
37° C. 5.9 (11.6%) 10.7 (8.8%) 10.9 (4.5%)
39° C. 8.7 (6.4%) 22.8 (3.6%) 20.3 (2.0%)

*Expansion of CFCs: TNC expansion factor x % of CFCs at each day of

culture divided by % of CFCs at day 0
tMean frequency of CFC-MK at day 0: 2.3%

TMean frequency of CFC-TOT at day 0: 15%
CFC-MK indicates MK colony-forming cells;
CEFC-TOT, total myeloid colony-forming cells

A significant increase 1n CFC-TOT was also observed
(2-1old). This lower increase may be due to the use of cytokine
conditions that were optimized for MK development. A
stimulatory effect of 39° C. culture on hematopoietic stem
cells would facilitate procedures such as transplantation and
gene therapy where the low number of cells (e.g. CB stem
cells) limits clinical interventions.

i

T'he extensive previous work on hyperthermia has shown
that transformed cells were more sensitive to killing by a short
heat treatment 1n combination with cytotoxic chemicals, than
normal cells (Gidali 1, et al., Stem Cells 12:533-338, 1994;
Larocca L M, et al., Int J Cancer 73:75-83, 1997: and
Wierenga P K, et al., Exp Hematol. 31:421-4277, 2003). Con-
trol experiments conducted in accordance with the present
invention showed that the viability of several transformed cell
lines was unaffected or decreased by continuous culture at
39° C. The unexpected finding that normal hematopoietic
cells grow more efficiently at 39° C. indicate that cell culture
at 37° C. 1s a paradigm that needs to be reassessed at least for
the various types ol normal cells that are cultured ex vivo.

Materials and Methods

Having determined 1n FIG. 3 that the optimal temperature
was 39° C., all subsequent experiments were made at 39° C.,
where a maximal response was seen. This should not be
construed even implicitly that other temperatures, such as 38°
or 40° C., are to be excluded from the present invention.
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Accordingly, in FIGS. 1 to 7, twenty thousand cells per mL of
culture were incubated at 37° C. or 39° C. for 14 days. Cell
analysis was performed at specific time points 1n each culture
corresponding to medium and/or cell concentration adjust-
ments.

In Vitro Culture of MKs from CB CD34-enriched Cells

Collection of human umbilical CB samples from healthy
tull-term neonates with informed consent of mothers, prepa-
ration and culture of CD34-enriched cells were done as
described 1n Proulx et al. (Proulx C, et al., supra). Cells were
cultured with the following recombinant human cytokines
(R&D Systems, Minneapolis, Minn., USA): TPO (100
ng/ml), stem-cell-factor (2.5 ng/mlL), Flt3-ligand (2.5
ng/ml) and interleukin-6 (50 ng/mL). Cultures were main-
tained at 37° C. or 39° C. for 14 days under tully humidified
conditions 1n an atmosphere ot 20% O, (air) and 10% CO.,.
Temperature in the incubator chambers was validated with
the NIST traceable thermometer.

Flow Cytometry Analysis

Freshly selected CB CD34-enriched cells or cells
expanded for various time intervals were phenotyped by flow
cytometry using a FACS-Calibur™ flow cytometer (Becton
Dickinson Immunocytometry Systems, San Jose, Calif.) as
reported 1n Proulx et al. (Proulx et al., supra). Mouse 1gG1
monoclonal antibodies used in the assays were: anti-human
CD34-phycoerythrin-conjugated, anti-human CD42b-fluo-
rescein 1sothiocyanate (FITC) (both antibodies were pur-
chased from Immunotech, Beckman Coulter Co., Marseille,
France), anti-human CD41la-allophycocyanin-conjugated
(Beckton Dickinson) and anti-heat shock protein 70 (Hsp/70)-
unlabeled (Stressgen Biotechnologies, Victonia, BC,
Canada). The anti-Hsp70 antibody was labeled with the Fluo-
Reporter FITC Protein Labeling kit (Molecular Probes, Inc.,
Eugene, Oreg.) prior to use. Intracellular staining of Hsp70
was performed by incubating washed cells with the anti-
Hsp70-FITC antibody 1n a permeabilization solution contain-
ing 0.1% Triton X-100™ (Bio-Rad Laboratories, Life Sci-
ence Research, Hercules, Calif., USA). Quantitation of
specific Hsp70 expression was determined by subtracting the

mean fluorescence intensity of the 1sotype control cells from
the one of the anti-Hsp70-labeled cells.

Progenitor Assays

MK colony assays were performed using the MegaC-
ult™-C collagen-based system (StemCell Technologies, Van-
couver, BC, Canada), according to the manufacturer’s
instructions, and as described in Proulx et al. (Proulx et al.,
supra). Assays for quantitation of human clonogenic hemato-
poietic progenitor cells were performed using the
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MethoCult™SF*"H4436 (StemCell Technologies), accord-
ing to the manufacturer’s mstructions. Components for this
medium were selected to support optimal growth of human
erythroid, granulocyte-macrophage and multilineage colo-
nies (total myeloid colonies, CFC-TOT). CFC-TOT 1n each

culture were scored after 14 days.

Statistical Analysis

Results were expressed as means (£SEM) of data obtained
from three independent experiments. Significance levels
were determined using Student’s t-test.

The references cited therein are all hereby incorporated by
reference 1n their entirety.

While the invention has been described in connection with
specific embodiments thereotf, 1t will be understood that 1t 1s
capable of further modifications, and this application 1is
intended to cover any variations, uses, or adaptations of the
invention following, 1n general, the principles of the invention
and including such departures from the present disclosure as
come within known or customary practice within the art to
which the imvention pertains and as may be applied to the
essential features hereinbetore set forth, and as follows 1n the
scope of the appended claims.

What 1s claimed 1s:

1. A method for increasing the rate of proliferation of
nucleated cells 1n a CD34™ enriched cord blood cell compo-
sition comprising:

incubating the CD34" enriched cord blood cell composi-

tion 1n a suitable medium comprising thrombopoietin,
interleukin-6, stem-cell factor and fms-like tyrosine
kinase-3 ligand, under suitable conditions and for a time
suificient for multiplication of nucleated cells at a tem-
perature of more than 370° C. and less than 41° C.

2. The method of claim 1, wherein said temperature 1s from
38° C. to 40° C.

3. The method of claim 2, wherein the temperature 1s 39° C.

4. A method for culturing cord blood enriched in CD34
cells to enrich the culture for megakaryocytes, myeloid pro-
genitors and platelets comprising:

incubating the CD34™ enriched cord blood cells 1n a suit-

able medium comprising thrombopoietin, interleukin-6,
stem-cell factor and fms-like tyrosine kinase3 ligand,
under suitable conditions and for a time suflicient for
multiplication of CD34™ cells at a temperature of more
than 37° C. and less than 41° C.

5. The method of claim 4 wherein the culture 1s maintained
for a period of from 7 to 10 days.

6. The method of claim 4, wherein the temperature 1s 39° C.
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